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The chance of the collision in question is proportional to tho 
relative velocity (v--p cos ~b) ; and in the stationary state the 
whole gain of energy is zero. Hence 

o @ { 2qO cos ( v -  p cos + 2q v } = O. 

In the integration with respect to ~b the odd powers of cos ~b 
vanish. Hence 

2qv P do e-h°'(q v2 --0 ~) = 0 ; 

s o  that 

as in (61). 

Terling Place, Witham, 
August 19~ 1891. 
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LIV. On the .Discharge of Electrlclty through Fxhausted 
Tubes without Electrodes. ~ y  J. J. THOMSON~ M..A., 
F.R.S.~ Cavendish _Professor of Experimental Physms~ 
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[Continued from p. 336.] 

_Phosphorescence produced by the Discharge. 

T HE discharge without electrodes produces a very vivid 
phosphorescence in the glass of the vessel in which the 

discharge fakes place; the phosphorescence is green when 
the bulb is made of German glass~ bIue when it is made of lead 
glass. Not only does the bulb itself phosphoresc% but a piece 
of ordinary glass tubing held outside the bulb and about a 
foot from it phosphoresces brightly ; while uranium glass will 

hosphoresce at a distance of several feet from the discharge. 
imilar effects~ but to a smaller extent~ are produced by the 

ordinary spark between the poles of an electrical machine. 
The vessel in which the discharge takes place may be 

regarded as the secondary of an induction-coil~ and the dis- 
charge in it shows similar properties to those exhibited by 
currents in a metallic secondary. Thus no discharge is pro- 
duced unless there is a free way all round the tube; the 
discharge is stopped if the tube is fused up at any point. In 
order that the discharge may take place, it is necessary that 
the molecules of the gas shall be able to form a closed 
chain without the interposition of any non-conducting sub- 
stance; indeed the discharge seems to be hindered by the 
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presence in such a chain of any second body, even though it may 
be a good conductor of electricity. Thus, when 
a tube such as that in fig. 7 is used, which has Fig. 7. 
a barometer-tube attached to it~ so that by raising 
or lowering the vessel into which the tube dips a 
mercury pellet may be introduced into the dis- 
charge-circuit, the spark-length in the primary 
circuit may be so adjusted that a discharge passes 
when there is a clear way round the tube, but 
stops when a pellet of mercury is forced up so as 
to close the gangway. I noticed a similar effect 
in my experiments with a long vacuum-tube 
described in the Proceedings of the Royal Society 
for Jan. 1891. 

I had another discharge-tube prepared~ of which 
a section is shown in fig. 8, a, in which .a dia- 
phragm (AB) of thin copper plate was placed 
across the tube; the diaphragm happened to catch at the bottom 
of the tube, so that it divided the latter rather unequally,, and 
left a narrow passage round its edge. As much of the discharge 
as there was room ibr went round the edge of the plate; the 

Fig. 8. 
A 

remainder was not able to get through the copper, but formed 
a closed circuit by itself in the larger Segment of the tube. 
In another tube,'which is represented in section in fig. 8,/9, 
the copper diaphragm was attached to the walls of the tube 
by sealing-wax, so that there was no free way ; in this case the 
discharge again refused to go ±hrough the copper, and split 
up into two separate discharges, as in the figure. When the 
tube was divided by copper diaphragms into six segments, as 
in fig. 8, % no disch'~rge at all would pass through. When the 
primary was slipped up the tube above the diaphragm, a 
brilliant discharge was obtained. Tl:ese foul" experiments all 
illustrate the difficulty which the electricity has in getting 
transferred from a gas to another conductor. 
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a closed circuit by itself in the larger segment of the tube.
ln another tube, which is represented in section in fig. 8,13,
the copper diaphragm was attached to the wa~ls o~ the tube
by sealing-wax, so that there was no free way; 111 thIs case th.e
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There is no discharge through the secondary, if it is of such 
a kind that, considering a closed curve drawn in it, the electro- 
motive intensity as we travel along the curve tends to 
polarize the particles in one half of the chain in one direction, 
and in the other half in the opposite direction, the direction 
being reckoned relative to the direction we are travelling 
round the curve. Thus, for example, if we take a tube whose 
axis is bent back on itself, as in the figure, the electromotive 
intensity will tend to polarize the particles in one part of the 
chain in the direction of the arrow, and those in the other 
in the opposite direction ; it is impossible to get a discharge 
through a tube of this kind. 

Fig. 9. 

\ _ 

On the other hand, the molecules exhibit remarkable powers 
of making closed chains for themselves when not 
actually prevented by the action of the electro- Fig. 10. 
moi re  intensity. Thus the discharge will pass 
through a great length of tubing in the secondary, 
even if it is bent up as in fig. 10, where the 
vertical piece in the upper park of the secondary 
is at right angles to the direction of the electric 
three, and where the molecules will receive no 
help in forming closed chains from the action of [--- "-7 
the external electromotive forces, i have suc- ! ceeded in sending discharges through tubes of 
this kind 12 to 14 feet in length. 

Screening Effects due to the Curre~tts in the Tubes. 

One very noticeable feature of these discharges is the well- 
defined ct~tracter of the ring, if the pressure is not too low. 
I f  a large bulb is used for the secondary with the primary 
just outside it, when the sparks pass between the jars a 
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bright, well-defined ring passes through the bulb. near to the 
surface of the glass, the gas inside~ this ring being, as far as 
can be judged, quite free from any discharge. If  now a bulb 
whose diameter is less than tha~ of theVluminous ring is 
inserted in the primary in place of the larger bulb, a bright 
ring will start in this, though at this distance from the pri- 
mary there was no discharge in the larger bulb. Thus whoa 
the large bulb was in the primary, the discharge through its 
outer portions screened the interior from electromotive tbrces 
to an extent sufficient to stop a discharge which would other- 
wise take place. 

The screening action of these discharges is also shown by 
the following experiment. A, B, C, 
fig. 11, is the section of a glass vessel 
shaped like a Bunsen's calorimeter; in 
the inner portion A, B, C of this vessel 
an exhausted tube is placed, while a 
pipe from the outer vessel leads to a 
mercury pump and enables us to alter 
the pressure at will. The primary coil, 
L, M, is wound round the outer tube. 
When the air in the outer tube is at 
atmospheric pressure, the discharge 
caused by the action of the primary 
passes in the tube E inserted in A, B, C; 
but when the pressure in the outer tube 
is reduced until a discharge passes 
through it, the discharge in the inner 

Fig. 11. 

A, C 

i 

I 

M 

B 

one stops ; the discharge in the outer 
tube has thus shielded the inner tube fi'om the action of the 
primary. I f  the exhaustion of the outer tube is carried so far 
that the discharge through it ceases, that in the inner tube 
begins again. Jt requires very high exhaustion to do this, and 
as on account of the joints it is unsafe to make the vessel very 
hot during the pumping, I have found it impossible to keep a 
vacuum good enough to show this effect for more than from 
half to three quarters of an hour; in that time sufficient gas 
seems to have escaped from the sides of the vessel to make 
the pressure too high to show this effect, and it then takes 
from two to three hours' pumping to get the tube back again 
into its former state. An interesting feature of this experi- 
ment is that for a small range of pressure, just greater than 
that at which the discharge first appears in the outer tube, 
there is no discharge in either of the tubes ; thus the action 
of the primary is screened off from the inner tube, though 
there is no luminosity visible in the outer one; this shows 
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that a discharge equivalent in its effects to a current can 
exist in the gas without sufficient lmninosity to be visible 
even in a darkened room. We shall have occasion to mention 
other cases in which the existence of a discharge non-lumi- 
nous throughout the whole of its course is rendered evident 
in a similar way. 

Another experiment by which the screening can be effec- 
tively shown is to place the primary coil inside a bell-jar 
which is connected with a mercury pump, the electrical con- 
nexions with the primary being led through mercury joints. 
An exhausted bulb is placed inside the primary, the bulb 
being considerably smaller than the primary, so that there is 
an air-space between the two. Before the bell-jar is ex- 
hausted the discharge passes through the bulb, but when the 
bell-jar is exhausted sufficiently to allow of the discharge 
passing through= the gas outside the bulb the discharge in the 
bulb ceases, and the only discharge is that outside. I have 
never been able to exhaust the bulb sufficiently well to get 
the discharge outside the bell-jar to cease, and that in the 
bulb to appear again, as in the preceding experiment. In 
this experiment, as in the preceding one, there was a range 
of pressure when neither the bulb nor the bell-jar was lumi- 
nous, showing again the existence of currents in the gas which 
are not accompanied by any appreciable luminosity. 

A curious bending-in of the discharge which takes place 
in a square tube provided with a bulb can, I think, be ex- 
plained by the principle of shielding. The discharge in the 
bulb does not, unIess very long sparks are used, take as its 
course through the bulb the prolongation of the direction of 
the tube, but is bent-in towards the primary. In fig. 12 
the dotted line represents the course the dis- 
charge would have taken if there had been no Fig. 12. 
bulb, the continuous line the course actually 
taken. This bending-in can be explained by li[ 
supposing the currents started near the pri- ~ ~  
mary to shield off from the outlying space the i 
action of the primary, and thus make the electro- i 
motive intensity along the axis of the tube 
smaller than it would have been if 11o discharge 
had been possible between the axis and the 
primary circuit. 

Before describing some further experiments on this shield- 
ing eflbct, it will be useful to consider the means by which it 
is brought about. Let us suppose we have a vertical plate 
made of conducting material, and to the right of the plate a 

.Phil..Mug. S. 5. Vol. 32. :No. 198..Nov. 1891. 2 t t  
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region A which it shields. This region has to be shielded 
from tubes of electrostatic induction coming from the left, 
which have to pass through the shield before reaching A, and 
from tubes coming from the right which have to pass through 
A befbre reaching the field. The action of the shield in the 
first case is very simple, for When a tube gets inside a con- 
ductor it at once attempts to contract to moIecular dimen- 
sions, and after a time proportional to the specific resistance 
of the conductor it succeeds in doing so. Thus if the shield 
is made of a good conductor the tubes of electrostatic induc- 
tion will be transformed into molecular tubes before they 
have time to get through ; so that the shield will protect A 
from all tubes which have to go through it. The way the 
shield destroys or rather neutralizes the effect of the tubes 
coming from the right is somewhat different : when a positive 
tube reaches the shield a negative one emerges from it, tra- 
velling at right angles to itself in the opposite direction to 
the incident tube; thus when the first few tubes reach tho 
shield from the right they will produce a supply of negative 
ones, and the presence of these negative tubes at A concur- 
rently with the positive ones which continue to arrive there 
will weaken the field to a greater and greater extent as A 
approaches the shield. At the sm'face of the shield itself tho 
neutralization will be complete. A dielectric whose specific 
inductive capacity is greater than usual will behave in a 
similar way to a metal plate, but to a smaller extent. I t  will 
emit tubes of the opposite sign, but not so numerous as those 
incident upon it. Thus a metal plate, or even one made of a 
dielectric of considerable, specific inductive capacity, will 
reduce very considerably the tangential electromotive tbrce 
on either side of it. 

I have made several experiments in which this effect was 
very strikingly shown In one of these, two square discharge- 
tubes ot equal cross section placed near and parallel to each 
other were connected by a cross tube, so that the pressure 
was the same in both tubes; a fine wire passed round the in- 
side o'f one of the tubes, its ends being connected together so 
that it formed a closed circuit, the other tube contained 
nothing but air at a low pressure. When this double tube 
was placed outside the primary the discharge went, at the 
passage of each spark, through the tube without a wire, while 
the tube containing the wire remained quite dark. A similar 
experiment was tried by taking a cylindrical tube and sus- 
pending in it a metal ring coaxial with the tube; in this case 
it was easy to adjust the spark-length so that no discharge 
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passed through the tube when the primary was placed round 
it at the level of the ring, while a discharge passed as soon 
as the primary was moved above or below the ring. 

Another very convenient tube ibr showing this effect is 
the one with the hollow down the middle, fig. 11; when 
this is pumped so that discharges can pass through the outer 
tube the spark-length can be adjusted so th'tt tile discharge 
stops immediately ~hen a metal tube, a test-tube containing 
a strong solution of an electrolyte, or a tube containing air 
at a pressure at which it is electrically very weak, is placed 
in the central opening. The discharge is renewed again as 
soon as the tubes are removed. On one occasion, when the 
large tube was in a peculiarly sensitive state, I was able to 
see distinctly tile diminution produced by a dielectric in the 
electromotive intensity parallel to its surface. The discharge 
stopped as soon as a stick of sulphur or a glass rod sufficiently 
large almost to fill the opening was inserted, and was re- 
newed again as soon as these were withdrawn. I t  requires, 
however, the large tube to be in an extremely sensitive state 
for the effect produced by a dielectric to be apparent, and I 
have only on one occasion succeeded in getting the tube into 
this condition. The efl?ct on that occasion, however, was so 
definite and regular that I have no doubt as to the existence 
of the screening eflbct due to the dielectric. 

When the tube is of average sensitiveness dielectrics do not 
produce any appreciable effect, nor can the influence of even 
comparatively so good a conductor as distilled water be de- 
tected, and it is not until after the addition of a considerable 
quantity, 10 to 20 per cent., of sulphuric acid or ammonimn 
chloride, that the insertion or withdrawal of,the tube stops or 
starts the discharge. 

A tube containing air at a low pressure is very efficacious 
in stopping the discharge, and the result of the comparison 
of the relative efibets or' an exhausted tube and a tube of the 
same size and shape containing a solution of an electrolyte 
are very remarkable. I found that an exhausted tube which 
contained air a~ a very low pressure (less than iio - of a milli- 
metre) produced as much et~ct  on the discharge in the outer 
tube as a tube containing at least 50,000 times as many 
moleeules of ammonium chloride. This would be expressed 
in the language of electrolysis by saying that under the 
electromotive intensity to which it was exposed m th~s ex- 
periment the molecular conductivity of the gas is 50,000 
times that of the electrolyte. The proportion between the 
number of air molecules and the number of molecules of an 

2 H 2  
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electrolyte, which produces an equal effect in stopping the 
discharge, depends upon the length of spark in the primary 
current, and so upon the electromotive force acting upon the 
air. The longer the spark the greater is the molecular con- 
ductivity of the air in comparison with that of the electrolyte. 
This indicates that the conduction through the air does not 
follow Ohm's law. This is what we should expect, as under 
large electromotive forces more molecules are split up and 
take part in the conduction of the electricity. This great 
conductivity of rarefied gases in those cases where the elec- 
tricity has not to pass from metal &c. into the gas are in 
striking contrast with the infinitesimally small values for the 
same property which are deduced from experiments on tubes 
with electrodes. 

I was first led to suspect this high conductivity for rarefied 
gases by observing the appearance presented by the ring-dis- 
charge in bulbs ; the ring, unless the pressure is exceedingly 
low, ceases at a distance of little more than 1 centim, from 
the surface of the bulb, this thickness of conducting gas being 
sufficient to screen off' the electromotive intensity from the 
interior. :From experiments which I had made on the screen- 
ing effect of electrolytes (Prec. Roy. Soc. xlv. p. 269), I knew 
that it would require a very strong solution of an electrolyte 
to produce screening comparable with this. To compare the 
screening effects more directly than by" the method just 
described I tried the following experiment. The discharge- 
tube, fig. 11, was pumped until the discharge passed through 
it very freely; an exhausted tube was then pushed down the 
central opening, it remained qaite free from any visible dis- 
charge; the primary was now wound round a cylinder of the 
same diameter as the discharge-tube of fig. 11, and this 
cylinder was filled with distilled water. When the tube, which 
had previously remained dark when placed in the exhausted 
discharge-tube, was immersed in the water, a brilliant discharge 
took place in it ; and it was necessary to add about 25 per 
cent. of sulphuric acid to the water betbre the shielding effect 
of the mixture was sufficient to keep the tube dark. This 
experiment shows perhaps even more directly than the other 
the great conductivity of a rarefied gas under large electro- 
motive forces when nothing but the gas is in the way of the 
passage of the current. 

An experiment made in this connexion illustrates the re- 
mark made before as to the large effects produced by dis- 
charges through the gas which are not accompanied by 
luminosity. A bulb A was fused into a tube B which was 
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surrounded by the primary coil C, D. B was exhausted and 
then sealed off, while A was left connected to the pump. 
When A was at atmospheric pressure a bright discharge took 
place in B outside A; on pumping A a stage was reached in 
which no discharge could be seen in either A or B. On 
letting air into A the discharge appeared again in B; on 
pumping A still further a discharge appeared in A, but not 
in B. The appearance presented by the discharge round the 

f 

© 
O 

Fig'. 13. 

B 

0 
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bulb A (filled in this case with air at high pressure) is very 
remarkable. At the highest l~ressure at which the discharge 
passed it took the form of a thin ring round the middle of A; 
as the pressure got lower and lower the discharge broadened 
out, and at very low pressures formed for the greater part of 
its course two separate rings which ran together in the space 
between one side of the sphere and the tube. 

On the Effect produced by Conductors near the 
.Discharge-tube. 

The intensity of the discharge is very much affected by 
the presence of conductors in the neighbourhood of the dis- 
charge-tube, especially conductors which have large capacity 
or which are connected to earth. Let us take, for ex- 
ample, a very simple case, that of a bulb surrounded by a 
primary which is connected to earth; in this case the ap- 
proach of the hand, or any conductor connected to earth, will 
make the discharge brighter and at the same time less weil- 
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defined at the edges; touching tho tube, though this is 
already connected to earth, produces a very marked effect in 
increasing the facility of the discharge. We can, I think, 
understand the reason of this if we consider the behaviour of 
the tubes of electrostatic induction. When the spark passes, 
these tubes (see p. 327) rush out from the jars and make for 
the primary ; in their journey to the primary they pass through 
the bulb and produce the discharge. Let us suppose now 
that there is a large conductor situated somewhere near the 
bulb ; the tubes, as before, rush from the jar to the primary, 
but in doing so some of them strike against the conductor; 
the tubes which do so lose the portion inside the conductor, 
acquire two ends each on the surface of the conductor, and 
swing round until they are at right angles to its surface; 
they remain momentarily anchored, as it were, to the con- 
ductor, and if the conductor is in the neighbourhood of the 
bulb, they will in general help to increase the maximum 
density of the tubes passing through the bulb. Though these 
tubes may not approximate to closed curves, and so directly 
produce a ring-discharge, they may readily facilitate this dis- 
charge indirectly; for even those tubes which go radially 
through the bu'ib may produce a glow-discharge from the 
glass into the bulb, and may thus furnish a supply of dis- 
sociated molecules through which the ordinary ring-discharge 
can pass with much greater readiness. For nothing is more 
striking than the enormous difference produced in the electric 
strength of these rarefied gases by the passage of a spark. 
] t  is sometimes difficult to get the discharge to pass at first, 
but when once a spark has passed through the gas, a spark- 
length one quarter the length of that necessary to originate 
the discharge will be found sufficient to maintain it. 

It is sometimes convenient, in cases where difficulty is found 
in starting the discharge, to avail ourselves of this property 
by connecting the mercury of the pump to which the tube is 
attached with one terminal of an induction-coil, the other 
terminal of which is put to earth. When the induction-coil 
is in action, a glow-discharge fills the pmnp and tube, and 
while this glow exists the electrod(,less discharge can easily 
be started ; once having been started, it will continue after 
the induction-coil is stopped. An experiment of this kind, 
which I had occasion to make, gave very clear evidence of 
the way in which dissociated molecules are  projected in all 
directions from the negative electrode in an ordinary discharge- 
tube, but not from the positive. The discharge-tube was 
fused on to the pump, and at an elbow two terminals, c and 
d, fig. 14, were fused into the glass; these terminals were 
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connected with an induction-coil, and the pressure in the 
tube was such that the elec- 
trodeless discharge would not 
start of itself. When the coil 
was turned on so that c was the 
negative electrode, the elec- 
trodeless discharge in the tube 
at once took place, but no effect 
at all was produced when c was 
positive and d negative. We 
may thus regard the effect pro- 
duced by the presence of a con- 
ductor as due to the conductor 
catching the tubes of electrostatic 
induction, and concentrating 
them on the discharge-tubes. 
These tubes in many cases 
acting indirectly by producing 
a glow-discharge through the 
tube, which, by diminishing the 
electric strength of the gas, 
makes discharges of any other 

Fig. 14. 

O 

kind very much easier. Though the presence of a conductor 
near the discharge-tube will, in general, concentrate the tubes 
of electrostatic induction on the discharge-tube more than 
would otherwise be the case, yet this does not always happen. 
When in some positions the conductor may hold back for a 
time from the discharge-tube tubes of electrostatic induction 
which would otherwise pass through it, and thus diminish the 
maximum density of the tubes of electrostatic induction in 
the discharge-tube, and hence tend to stop the discharge. I 
have frequently met with cases where the presence of a con- 
ductor diminishes the intensity of the discharge. One of the 
most striking of these is when the two jars are insulated, and 
a square discharge-tube used. The spark was adjusted so 
that the discharge just, but only just, went round the tube. 
A sphere connected to earth was then moved round the dis- 
charge-robe; in some positions it increased the brilliancy of 
the discharge, and the tube became quite bright, while in 
other positions it stopped the discharge altogether. 

The observation o[ the behaviour of the discharges through 
these tubes is a very convenient method of studying the effect 
of conductors in deflecting the flow of the tubes of electro- 
static induction which fall upon them; ibr the appearance of 
the discharge is affected not merely by the average, hut also 
by the maximum value of the electromotive intensity which 
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produces it. Thus a high maximum value, lasting only for 
a short time, might produce a discharge, while a more 
equable distribution of electromotive intensity having the 
same average value might leave the tube quite dark. 

I have employed these discharges to study the behaviour of 
bodies under the action of very rapid electrical oscillations 
in the following way. In the primary circuit connecting 
the outside coatings of the jar, two loops A and B (fig. 15) 
were made, in one of which, A, an 
exhausted bulb was placed, the spark- 
length and the pressure of the gas on 
it being adjusted until the discharge 
was sensitive, i. e. until a small alter- 
ation in the electromotive intensity 
acting on the bulb produced a con- 
siderable effect upon the appearance 
presented by the discharge. The 
substance whose behaviour under 
rapid electrical vibrations was to be 

Fig. 15. 

examined was placed in the loop B. The results got at first 
were very perplexing, and at first sight contradictory, and it 
was some time before I could see their explanation. The 
following are some of these results. When a highly exhausted 
bulb was placed in B a brilliant discharge passed through it, 
while the discharge in A stopped. A bulb of the same size, 
filled with a dilute solution of electrolyte, produced no appre- 
ciable effect; when filled with a strong solution it dimmed the 
discharge in A, but not to the same extent as the exhausted 
bulb. A piece of brass rod or tube increased the brightness of 
the discharge in A ; on the other hand, a similar piece of iron 
rod or tube stopped the discharge in A at once. The most 
decided effect, however, was produced by a small crucible 
made of plumbago and clay : this when put in the loop B 
stopped the discharge in A completely. I found, however, 
.that by considering the work spent on the substance placed 
m B, the preceding results could be explained. When a 
large amount of work is spent in B, the discharge in A will 
be dimmed, while no appreciable effect will be produced on A 
when the work spent in B is small. :Now let us consider the 
work done in  a secondary circuit whose resistance is R, whose 
coefficient of self-induction is L, and which has a coefficient 
of mutual induction M with the primary circuit. I f  the 
frequency of the current circulating in the primary is p, we 
can easily prove that the rate of absorption of work by the 
secondary is proportional to 

R M~p ~ 
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Thus the work given to the secondary vanishes when R = 0  
and when R=infinity~ and has a maximum value when 
R = L p .  Thus the condition that the secondary should 
absorb a considerable amount of work is that the resistance 
should not differ much from a value depending on the shape 
of the circuit and the frequency of the current in the primary. 
No appreciable amount of work is consmned when the resis- 
tance is very much greater or very much less than this value. 
I tested this result by placing inside B a coil of copper wire. 
When the ends were tree, so that no current could pass through 
it, it produced no effect upon the bulb in A ; when the ends 
were joined so that there was only a very. small resistance in 
the circuit, the effect was, if anything, to increase the bright- 
ness of the discharge in A. When, however, the ends were 
connected through a carbon resistance which could be 
adjusted at will, the discharge in A became very distinctly 
duller when there was a very considerable resistance in the 
circuit. This experiment confirms the conclusion that to 
absorb energy the resistance must lie within certain limits, 
and be neither too large nor too small. 

We can now see the cause of the differences observed when 
the suhstances mentioned above were put into B. The brass 
rod and tube did not dim the discharge in A, because their 
resistance was too low; the weak solution of electrolyt% 
because the resistance was too great; while the resistances 
of the crucible and the strong solution of electrolyte which 
obliterated the discharge from A were near the value for 
which the absorption of energy by the system was a maximum. 

The case of iron is very interesting because it shows that 
even under these very rapidly alternating ibrces, iron still 
retains its magnetic properties. A striking illustration of 
the difference between iron and other metals is shown when 
we take an iron rod and place it in B, the discharge in A 
immediately stops; if we now slip a brasstube over the iron rod 
the discharge in A is at once restored. If, on the other hand, 
we use a brass rod and an iron tube, when the rod is put in 
B without the tube the discharge in A is bright; if we slip 
the iron tube over the rod~ the discharge stops. 

To compare the amount of heat produced in the brass and 
iron secondaries~ let us take the case of an infinite cylinder 
exposed to an external magnetic force parallel to the axis 
equal to HoeVt. 

I f  H is the magnetic force inside the cylinder at a distance 
r fl'om the axis, H satisfies the differential equation 

d~H 1 d H 47r/~dH 
-dr ~ + - -  , r dr  o- dt 
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or,. since H varies as e ~pt, 
d~H 1 dH 
dr ~ + r dr n~H=O; 

where n~=4~r/~tp/o " ; /~ being the magnetic permeability of 
the cylinder, and a its specific resistance. The solution of 
this equation is 

t t  = A ,.To( ~nr ) ~,pr, 

where Jo denotes Bessel's function of zero order. Since ttle 
magnetic; force outside the cylinder is not affected by the 
currents we must have, if a is the radius of the cylinder, 

A Jo(ena) = H o. 
Thus 

-I - J o ( ~ n r )  H 0 ~ e'¢Pt" 

The currents induced in the cylinder are tangential, and if q 
is the intensity of the current at a distance r from the axis of 
the cylinder, 

d E  
4~rq = dr 

- J o ' ( ~ n r )  , ,  
--  tn  H 0 ~  P.  

We shall consider two special cases: first, where the resist. 
ance is so great that na is a small quantity ; this includes 
the case of the plumbago crucible and the tube filled with 
the electrolyte. 

In this case we have approximately 

J0(~na) = 1, 

Jo(~nr)= --½mr. 
Thus 

4vq-~--{n~re 'pt 

---- -- 27rmP Her e # .  
O" 

Taking the real part of this expression we find 

q ~  ~ Ho e sin pt. 

The rate of heat-production per unit length of the cylinder is 

~o ~q~2~rr dr, 
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the average value of which is 

t:0__ 
16q" 

As this is proportional to the conductivity~ the best conductors 
will absorb the most energy. 

The other case which we shall consider is that in which na 
is very large. This applies to the metal tubes and rods. 

In this case, 

J°(tnr) -~ ~ 27rnr approximately. 

Thus 

47rq=--ne-n(~-~) { a } ½e, t, 

n~ -~(~-~) ---- ~ + tfl. 
Then taking the real par~ of the expression for q, 

4~'q= { a } '  -- - (~tcospt--psinpt).  
r 

The rate of heat-production is again 

o~o'[/~27rr dr ; 

the mean value of which is 

a lyo~ 

-- 167rJo a e-(~-') -~-dr 

a 

and is thus proportional to the square root of tt~. Hence for 
iron and copper cylinders of the same dimensions it would be 
about 70 times as large in the iron as in the copper, assuming 
that the iron retains its magnetic properties under these very 
rapidly alternating forces. The result explains the e~ect of 
the iron in stopping the discharge. As I am not aware that 
any magnetic properties of iron under such rapidly alternating 
forces have been observed, I was anxious to make quite sure 
that the difference between iron and brass was not due solely 
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to the differences between their specific resistances. The 
first experiment I tried with this object was to cover the iron 
rod with thin sheet platinum, such as is used for Grove cells. 
As the resistance of platinum is not very different from that 
of iron, if the effect depended merely-upon the resistanc% 
slipping a thin tube of platinum over the iron ought to make 
very little difference. I found, however, that when the 
platinum was placed over the iron, all the peculiar effects pro- 
duced by the latter were absent, thus showing that the effect 
is not due to the resistance of the iron. It then occurred to me 
that I might test the same thing in another way by magnetizing 
the iron to saturation, for in this state ~ is nearly unity ; thus 
if the result depended m~dnly on the magnetic properties of 
the iron it ought to diminish when the latter is strongly 
magnetized. I accordingly tried an experiment in which 
the iron in the coil B was placed between the poles of 
a powerful electromagnet. When the magnet was "o f f "  the 
iron ahnost stopped the discharge in A; when it was " o n "  the 
discharge became brighter, not indeed so bright as if the iron 
were away altogether, but still unmistakably brighter than 
when it was unmagnetized. This experiment, I think, proves 
that iron retains its magnetic properties when exposed to 
these rapidly alternating forces. 

Another result worthy of remark is that though a brass 
rod or tube inserted in B does not stop the discharge in A, 
yet if a piece of glass tubing of the same dimensions is coated 
with Dutch metal, or if it has a thin film of silver deposited 
upon it, it will stop the discharge very decidedly. We are 
thus led to the somewhat unexpected result that a thin layer 
of metal when exposed to these very rapid electrical vibra- 
tions may absorb more heat than a thick one. I find, on 
calculating the heating-effect in slabs of various thicknesses, 
that there is a thickness for which the heat absorbed is a 
maximum. Instead of taking the case of a cylinder, for 
which the analysis is somewhat long, I will take the case 
(which is physically ahnost equivalent to it) of a plain elec- 
trical wave incident normall)~ upon a plane sheet of metal. 

Let the electromotive intensity E in the incident wave be 
represented by the real part of the equation 

E = ~ ' (#+a~)  2 

the axis of x being at right angles to the plate, and the origin 
on the upper surface of the plate. The electromotive inten- 
sity E l in the ~ ave reflected from the plate may be represented 
by the equation 

E1 = be '(pt-"x). 
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In the me~al the electromotive intensity satisfies the 
equation 

ar2E _ 4~r/~ dE" 
d x  ~ ¢ dt  ' 

so that the electromotive intensity E2 inside the plate may 
be represented by the equation 

E2 = e pt { Ae -,~o + ,)x + Berne +,)x }, 

where 
m =- { 2~r/zp/¢}l. 

On the far side of the plate the electromotive intensity Ea is 
~ v e n  by 

]E 3 ~ C e~(Pt + az ). 

To determine the coefficients b, c, A B, we have the con- 
ditions that at the surface of the plate, i.e. when x = 0, and 
when x =  --h, h being the thickness of the plate : - -  

(1) The electromotive intensity is continuous ; 
(2) The magnetic force parallel to the plate is continuous. 

1 dE 
Fhis implies that /~  ~ is continuous. 

From (1) we get 
I + b = A + B ,  

c e - a x ~  A e m ( l  +t)h .Jff Be-m(l'l-0h; 
while from (2), 

~(1-b) = (1 + ,) ": ( A -  B), 

a e ~ - ~ =  - (1 +,)  ~ (Ae~(~+,)~ - Be-~(~+')~). 

We can simplify these equations if we remember that for 
electrical vibrations as rapid as those we are now considering 
m/a/~ is exceedingly large. Introducing this condition we find 

A = 2a/z e-~'( 1+')~ 
m(1 + t) e m(~*')h- e -~o+')~' 

B =  2art em(l+Oa 
r e ( l +  t)  em<~+')a--e -m(l+')k" 

Thus in the metal plate the electromotive intensity is given 
by the equation 

2a/~ 1 
E2 ----- m (1 + t) e m(l+')~ -- e -m(l+')a { fi-m(1 +Q(x+h) 3t. era(1 +,)(x+h)} ¢tpt. 
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Let 

2a~ 1 = a + tfl. 
m(1 + ~) f,n(l+Oh__f--m(l+Oh 

Then, taking only the real part of the expression for E=, we 
h a v e  

E , =  ¢='~+~5{= cos (pt+,.(h+.))-a sin(pt+,n(h+ x))},  

+ e-m(~+*){a cos (p t - -m  (h + x) )  -- (3 sin(pt + m(h + x)) }. 

The rate of production of heat per unit volume of the plate 
is E~.2/o-; the mean value of this at a point whose coordinate 
is  ,V 1S 

! (=~ + 8') { ~.,c~+x) + ~-~,.(~+.~ + 2 cos m Ca +*)  ~. 2o" 

To get the rate of heat-production per unit area of the 
plate, we must integrate this with respect to x between the 
limits x=0~ x = - - h .  Performing this integration we find 
that the rate of production of heat per unit area of the plate is 

1 (~+fl2){~"~--e-2~+2sin2mh}.  
4m~ 

Substituting for a=+ t= its value this becomes 

2a2/* ~ (e~m~--e-2"~+ 2 sin 2mh) 
4am ~ (ea"~+ e-2"~--2 cos 2mh) " 

To compare this with the expression we found for the solid 
cylinder, we notice that if ]:I o ep t is the magnetic force in the 
incident wave at the surface of the plate~ 

I-Io~p==a ~. 

So that the rate of heat-production per unit area may be 
written 

1 Ho=/~p = (e~h--e -2"a + 2 sin 2mh) 
2 o 'm a (e2mh °t- e--2rn/t--2 COS 2glth)' 

I-Io 2 j" ~ } i ( ~ ( e ~ m ~ - -  e -2"~ + 2 sin 2mh) 

The part of this expression involving h is equal to unit.). 
when mh is very great, that is for a thick plate ; it is, however, 
greater than unity for some values, the smaller values of h 
lbr which it is a maximum satisfying the equation 

sin 2 mh ( d ' ~ -  e -  a.h) = O. 
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When h vanishes the rate of heat-production~ as given by the 
preceding expression, is infinite. We have, however, in this 
expression used approximate values for A and B. If' we use 
their accurate values we find that the rate of heat-production 
vanishes when h=0 ,  but rises very quickly to a large value 
as h increases. 

The slight increase ill the brightness of the discharge in A 
when a brass rod is placed in B is due, I think, to the dimi- 
nution in the self-induction in the primary circuit produced 
by this rod, whose conductivity is so good that it absorbs 
practically no heat. 

We will now return to the case of bad conductors, where 
na is small; here the absorption of energy is proportional 
to the conductivity, and we might use this method to com- 
pare the conductivity of electrolytes for very rapidly alter- 
hating currents. I tried a few experiments of this kind, and 
found, as I did in the experiments described in the ~Pro- 
ceedings' of the Royal Society, xlv. p. 269, that the ratio 
of the conductivities of two electroly~s was the same for 
rapidly alternating as for steady currents. I was anxious, 
however, to see whether these rapidly alternating currents 
could pass with the same facility as steady currents from an 
electrolyte to a metal. To try this, two equal beakers were 
filled with the same electrolyte made of such strength that 
when inserted in B they put out the discharge in A. I then 
placed in one beaker six ebonite diaphragms arranged so as 
to stop the eddy currents, and a similar metallic diaphragm 
in the other. The ebonite diaphragm made the beaker iu 
which it was placed cease to have any effect upon the dis- 
charge in A. I could not detect, however~ that the effect of 
the beaker in which the metal diaphragm was placed on the 
discharge in A was at all diminished by the introduction of 
the diaphragm. I conclude, therefore, that very rapidly 
alternating currents can pass with facility from electrolytes 
to metals, and vice versd. In this respect electrolytes differ 
from gases, the currents in which, as we have seen, are 
stopped by a metallic diaphragm in the same way as they 
would be by an ebonile one. 

It  may be useful to observe, in passing, that a somewhat 
minute division of the electrolyte by the non-conducting 
diaphragm is necessary to stop the effect of the eddy currents; 
a division of the electrolytes into two or three portions seeme~ 
to produce very li~.tle effect. 

Another point which is brought out by these experiments 
is the great conductivity of rarefied gases when no elec- 
trodes are used as compared with that of elect, rolytes. An 
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exhausted bulb will produce as much effect on the discharge in 
A as the same bulb filled with a solution of an electrolyte 
containing about a hundred thousand times as many mole- 
cules of electrolyte. The molecular conductivity of rarefied 
gases when the elect1 emotive intensity is very great and when 
no electrodes are used must be thus enormously greater than 
that of electrolytes. 

Bulbs filled with rarefied gas used in the way I have 
described serve as galvanometers, by which we can estimate 
roughly the relative intensity of the currents flowing through 
the primary coils which encircle them. Used for this pur- 
pose, I have found them very useful in some experiments on 
which I am at present engaged on the distribution of very 
rapidly alternating currents among a network of conductors. 

I have much pleasure, in conclusion, in thanking my 
assistant, Mr. E. Everett, who has done the whole of the 
very large amount of glass-blowing required for these ex- 
periments, and has rendered very efficient help in other parts 
of the work. My thanks are also due to Mr. A. T. Bartlett, 
B.A., for the assistance he has given on several occasions. 

Cambridge, July 1891. 

LV. Some Remarks suqgested by a popular Article on t]~e 
]gnls Fatuus. By  C]~AI~L~S TOMLINSO~, F.R.S.,  ~.C.S.,  

. C , .  $ 

i •UMBER of distinguished scientific men form a com- 
mittee of the British Association for encouraging the 

teaching of science in elementary schools. In their Report 
for 1889 they say :--"  This year has been one of continued 
depression in regard to the teaching of science in elementary 
schools, and of disappointment in regard to legislative action." 
In their Report for 1890, however, their object is said to be 
more hopeful of attainment, seeing that the New Code is 
favourable thereto, although it is a matter of regret that no 
special arrangement has been made for the instruction of 
pupil-teachers in some branch of science. 

In our middle-class schools, science and modern languages 
apparently require to be more systematically studied than 
they are at present, if we as a nation would maintain our 
commercial and manufacturing position with respect to other 
countries. There is hope that the various Polytechnic Institu- 
tions that are scattered about will supply the want. I have 

* Communicated by the Author. 


